It is well-known that the intestinal microbiota has direct and indirect impact on the health of the multiple organ systems of the host \[[@r6], [@r30], [@r31]\]. Growing interests in relationships between gut microbiota and health or pathological status are also growing in the field of veterinary science, and for example, altered microbiome populations in canine inflammatory bowel diseases \[[@r54], [@r62]\] and lymphoma \[[@r17]\], has been reported in dogs. Probiotics, prebiotics, and synbiotics are the most popular approaches aiming to normalize or improve the gastrointestinal environment using microbiota. Prebiotics are a non-viable food component that confers a health benefit on the host and is associated with the modulation of the microbiota \[[@r41]\]. The major representative of prebiotics is oligosaccharides, which are metabolized by the intestinal microbiota, resulting in the accumulation of short-chain fatty acids (SCFAs) that have various beneficial effects on the host \[[@r8]\]. Bifidogenic activity of prebiotics is one of the most important effects on host health \[[@r46]\]. Fructooligosaccharides (FOSs), which are oligosaccharides with one or more fructose monomers, are well-characterized prebiotics in humans, and studies have suggested their beneficial properties in rodents; for example, treatment with FOS prevented the development of preneoplastic lesions \[[@r14]\] and the delayed onset of senescence \[[@r36]\]. FOS consist of different ratios of 1-kestose (Kestose), nystose, and fructofranosylnystose, which have 1 to 3 fructose monomers linked with sucrose \[[@r8]\]. Of the FOS components, recent *in vitro* study using human intestinal lactobacilli and bifidobacteria suggested that Kestose content was crucial for the prebiotic activity of FOS \[[@r13], [@r38]\]. In addition, marked proliferation of bifidobacteria and increase in the cecal level of SCFA was observed in rats fed a Kestose-supplemented diet \[[@r59]\].

Several studies have reported that dietary prebiotic fibers and/or FOS modulates gastrointestinal microbiota in dogs \[[@r5], [@r15], [@r16], [@r26], [@r33], [@r39], [@r40], [@r42], [@r51]\] and cats \[[@r3], [@r4], [@r16], [@r50]\]. On the other hand, prebiotic property of Kestose has not been evaluated for its influence on the intestinal microbiota in dogs. The purpose of this study was to elucidate the prebiotic potential of Kestose in terms of changes in the intestinal microbiota population and fecal SCFA concentration.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

All procedures for the animal experiment in this study were approved by the animal research committee at the Tokyo University of Agriculture and Technology (approval number, \#28-58). Healthy adult beagles (n=6) maintained in laboratory were used in this study. Of these, three neutered females were 6 years old and three intact males were 2 years old. Their body weight was 9.3--11.4 kg.

Study design
------------

The whole study period was 12 weeks; the dogs were fed the same regular maintenance diet (Vita-one^®^, Nippon Petfood Co., Ltd., Tokyo, Japan; 200 g/dog once a day) during the study period. Ingredients of this maintenance diet include: corn, bran, chicken meal, powdered beef, powdered pork, defatted soybean, gamma-linolenic acid, brewing yeast, dried cabbage, oligosaccharide, casein phosphopeptide, minerals, vitamins, and amino acids. Each dog was fed a tablet form of Kestose (2 g once a day) along with the regular diet, for 8 weeks. Fresh feces of approximately 2 g/dog were sampled beginning from day 1, just before starting Kestose supplementation, and on the first days of week 4, 8 and 12. Fresh feces were gently taken directly from the dogs' rectum using a gloved finger to minimize contamination and hemorrhage. The fecal samples taken before starting Kestose (week 0) were immediately stored at −20°C for a month then subsequently stored at −80°C until further use. The fecal samples taken at week 4, 8 and 12 were immediately stored at −80°C until further use.

DNA extraction from fecal samples
---------------------------------

Genomic DNA was extracted from the feces according to the method reported by Takahashi *et al.* \[[@r56]\]. Frozen fecal samples were thawed on ice, then 100 mg of each sample was suspended in 4 M guanidium thiocyanate, 100 mM Tris-HCl (pH 9.0), and 40 mM EDTA and then disrupted with zirconia beads using a FastPrep FP100A instrument (MP Biomedicals, Santa Ana, CA, USA). DNA was extracted from the bead-treated suspensions using a Magtration System 12GC and GC series MagDEA DNA 200 (Precision System Science, Chiba, Japan). Following the estimation of DNA concentrations of each sample by spectrophotometry, ND-1000 (NanoDrop Technologies, Wilmington, DE, USA), the final concentration of the DNA samples was adjusted to 10 *n*g/*µl*.

16S rRNA gene sequence analysis using next generation sequencing (NGS)
----------------------------------------------------------------------

Canine fecal bacterial 16S rRNA gene (16S rDNA) was analyzed by NGS using the MiSeq system (Illumina, San Diego, CA, USA) as previously described \[[@r56]\]. The V3-V4 hypervariable regions of 16S rDNA were amplified using polymerase chain reaction (PCR) from microbial genomic DNA using the universal primers for bacteria (341f and R806, [Table 1](#tbl_001){ref-type="table"}Table 1.List of primers and thermal cycling profiles used in this studyTargetPrimer nameOligonucleotide sequenceReference strains for standard curvesPCR profileAll Bacteria341fCCTACGGGAGGCAGCAG*Escherichia coli* JCM 1649T95°C (5 sec)--60°C (20 sec)--72°C (20 sec)/35 cycles534rATTACCGCGGCTGCTGG*Actinobacteria*Act920F3TACGGCCGCAAGGCTA*Bifidobacterium longum*subsp. *Longum*95°C (20 sec)--54°C (20 sec) --72°C (50 sec)/35 cyclesAct1200RTCRTCCCCACCTTCCTCCGJCM 1217T*Bacteroidetes*Bact934FGGARCATGTGGTTTAATTCGATGAT*Bacteroides fragilis* DSM 2151T95°C (5 sec)--55°C (30 sec) /35cyclesBact1060RAGCTGACGACAACCATGCAG*Fusobacteia*Fusobacteria FGATCCAGCAATTCTGTGTGC*Fusobacterium nucleatum* subsp. *Nucleatum* JCM 8532T95°C (5 sec)--55°C (20 sec)--72°C (50 sec)/35 cyclesFusobacteria RCGAATTTCACCTCTACACTTGT*Clostridium cluster* XIVCXIV-F1GAWGAAGTATYTCGGTATGT*Clostridium clostridioforme* JCM 1291T95°C (5 sec)--52°C (30 sec)--72°C (30 sec)/35 cyclesCXIV-R2CTACGCWCCCTTTACAC*Bacteroides* spp.HuBac594Bhqf mGTTGTGAAAGTTTGCGGCTCAACC*Bacteroides fragilis* DSM 2151T95°C (5 sec)--60°C (30 sec)/35 cyclesHuBac692rCTACACCACGAATTCCGCCT*Bifidobacterium* spp.BifiLM26FGATTCTGGCTCAGGATGAACGC*Bifidobacterium longum* subsp. JCM1217T95°C (5 sec)--60°C (20 sec)--72°C (20 sec)/35 cyclesBif228RCTGATAGGACGCGACCCCAT*Fusobacterium* spp.\*\*\*95°C (5 sec)--64°C (30 sec) /35cycles*Lactobacillus* spp.LactoR'FCACAATGGACGMAAGTCTGATG*Lactobacillus casei* JCM 1134T95°C (20 sec)--56°C (20 sec) --72°C (50 sec)/35 cyclesLBFRCGCCACTGGTGTTCTTCCAT*Sutterella* spp.\*\*\*\*\*\*95°C (5 sec)--57°C (20 sec)--72°C (20 sec)/35 cycles*Clostridium perfringens*Cperf 165FCGCATAACGTTGAAAGATGG*Clostridium perfringens* JCM 1290T95°C (5 sec)--60°C (30 sec) /35cyclesCperf269RCCTTGGTAGGCCGTTACCC*Faecalibacterium prausntzii*FPR-2FGGAGGAAGAAGGTCTTCGG*Faecalibacterium prausnitzii* ATCC 27768T95°C (5 sec)--57°C (20 sec)--72°C (50 sec)/35 cyclesFprau645RAATTCCGCCTACCTCTGCACT\*Fusobacterium Detection Kit (TechnoSuruga Laboratory, Shizuoka, Japan). \*\*Sutterella Detection Kit (TechnoSuruga Laboratory).) \[[@r10], [@r35]\] and the dual-index method \[[@r24]\]. Barcoded amplicons were sequenced using the paired-end method and were modified to 2 × 284-bp cycle run on the MiSeq system using MiSeq Reagent Kit version 3 (600 Cycle) (Illumina). After the alignment, the overlapping regions within the paired-end reads were merged and primer regions were omitted, which resulted in a 430 bp sequence. Only the reads with \>99% of their sequence with quality value scores of ≥20 were extracted for further analysis \[[@r56]\]. The chimeric sequence detected by Usearch6.1.544_i86 was excluded \[[@r12]\]. Based on the sequences, taxonomic position of the sequences was identified at 97% similarity using the Metagenome\@KIN analysis software (World Fusion, Tokyo, Japan) and the TechnoSuruga Lab Microbial Identification database DB-BA 10 (TechnoSuruga Laboratory, Shizuoka, Japan) \[[@r24], [@r27]\].

Quantitative analysis of intestinal microorganisms in dog feces using real-time PCR (qPCR)
------------------------------------------------------------------------------------------

Using the extracted DNA sample used in NGS analysis, quantitative analysis of the following intestinal organisms was performed using real-time PCR detecting each 16S rDNA: all bacteria \[[@r35]\], phylum Actinobacteria \[[@r2]\], phylum Bacteroidetes \[[@r20]\], phylum Fusobacteria \[[@r22]\], *Clostridium* cluster XIV \[[@r48]\], *Bacteroides* spp. \[[@r28]\], *Bifidobacterium* spp. \[[@r19]\], *Fusobacterium* spp., *Lactobacillus* spp. \[[@r49]\], *Sutterella* spp., *Clostridium perfringens* \[[@r37]\], and *Faecalibacterium prausnitzii* \[[@r43]\]. The list of primers and qPCR cycle conditions are indicated in [Table 1](#tbl_001){ref-type="table"}. Each 16S rDNA of strains described in [Table 1](#tbl_001){ref-type="table"} was used for generating standard curves.

Measurement of SCFA, lactate and ethanol concentrations in feces
----------------------------------------------------------------

Fecal SCFA (acetate, propionate, and butyrate), lactate, and ethanol concentrations were measured using high-performance liquid chromatography (HPLC) (Shimadzu corporation, Kyoto, Japan) using the HPX-87H column (Bio-Rad Laboratories, Hercules, CA, USA). As for sample preparation, 100 mg of each fecal sample was suspended in 150 *µl* ultrapure water. Following centrifugation at 15,000 ×g at 4°C for 5 min, 80 *µl* of the supernatant and 120 *µl* of 8 mM H~2~SO~4~ were mixed and filtered using a low protein-binding hydrophilic PTFE membrane with a pore size of 0.45 *µ*m (Merck Millipore, Darmstadt, Germany). This filtrate was used for HPLC analysis.

Statistical analysis
--------------------

All of the results were compared according to the following two phases of this study: week 0 vs weeks 4 and 8, indicating effects caused by Kestose consumption (phase 1), and week 8 vs week 12, indicating effects caused by ceasing Kestose (phase 2). Shapiro-Wilk testing revealed that data of metagenomic analysis and quantitative PCR analysis were not normally distributed; hence Wilcoxon signed rank test was used for statistical analysis of both phase 1 and 2. In order to correct significance level in comparing data in phase 1, false discovery rate control was done using Benjamini--Hochberg procedure. Shapiro-Wilk testing revealed that data of SCFA concentration was normally distributed; hence Tukey's multiple comparison test and paired *t*-test in phase 1 and 2 respectively, was used for statistical analyses. All of the statistical analyses were performed using the software IBM SPSS Statistics version 25 (IBM Japan, Ltd., Tokyo, Japan).

RESULTS {#s2}
=======

All dogs completed the 12-week study period without any clinical complications. After removal of chimeric sequences, 23,692 ± 651, 20,042 ± 574, 17,593 ± 687 and 17,753 ± 539 (mean ± SE) reads were obtained from samples collected at weeks 0, 4, 8 and 12, respectively, by 16S rRNA gene sequence analysis. The evenness and richness of gut microbiota of the tested dogs were analyzed by the Shannon, Chao and Simpson indices, which no statistical differences were observed. The ranges and median occupancies of the bacterial taxa are provided in [Table S1](#pdf_001){ref-type="supplementary-material"}. 16S rRNA gene sequence analysis revealed that the phylum Firmicutes was present in the largest population, accounting for 67.3% before starting Kestose supplementation and then 78.1, 66.6, and 70.5% at 4, 8 and 12 weeks, respectively ([Table S1](#pdf_001){ref-type="supplementary-material"}). Within the phylum Firmicutes, the genus *Lactobacillus* was present in the highest population, accounting for a median of 39.1% before starting Kestose supplementation. Daily Kestose supplementation resulted in a slight increase, yet not statistically significant, in the population of the genus *Lactobacillus*: 49.0, 45.6, and 46.5% at 4, 8, and 12 weeks, respectively ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.The median occupancy of each genus of canine fecal microbiome detected by 16S rRNA sequence analysis before (week 0) and after daily Kestose supplementation (weeks 4 and 8) and then after the cessation of daily Kestose for 4 weeks (week 12).). Within phylum Actinobacteria, the occupancy of genus *Bifidobacterium* showed increasing trend after Kestose supplementation, at weeks 4 (median 4.19%) and 8 (median 7.64%) compared to week 0 (median 0.63%), then it slightly declined at week 12 (median 5.83%) which was a month after seceding Kestose ([Fig. 1](#fig_001){ref-type="fig"}, [Table S1](#pdf_001){ref-type="supplementary-material"}). On the other hand, occupancy of phylum Fusobacteria genus *Fusobacterium* showed decreasing trend after Kestose supplementation, at weeks 4 (median 1.53%) and 8 (median 1.44%), compared to week 0 (median 7.42%) ([Fig. 1](#fig_001){ref-type="fig"}, [Table S1](#pdf_001){ref-type="supplementary-material"}). Significant decrease in occupancies between week 8 and 12 were observed in phylum Bacteroidetes, genus *Prevotella*, genus *Megamonas*, genus *Bacteroides*, genus *Butyricicoccus* (*P*=0.043, respectively; [Fig. 1](#fig_001){ref-type="fig"}, [Table S1](#pdf_001){ref-type="supplementary-material"}).

Quantitative analysis of the selected populations using real-time PCR revealed how the selected populations changed after Kestose intake. All members of eubacteria slightly increased after starting Kestose supplementation, yet not statistically significant. Similarly, increasing trends were observed in phylum Actinobacteria and genus *Bifidobacterium* during Kestose supplementation, and their numbers at week 12 stayed about the same level as those at week 8. The phylum Bacteroidetes, genus *Bacteroides,* and genus *Sutterella* showed no change up to 8 weeks during Kestose supplementation, but their numbers were significantly decreased at week 12 (*P*=0.043). *Clostridium perfringens* decreased to below the detection limit as early as 4 weeks after starting Kestose supplementation and remained below the detection limit during the study period. Phylum Fusobacteria and genus *Fusobacterium* showed decreasing trend during and after Kestose supplementation. *Faecalibacterium prausnitzii* and *Clostridium* cluster XIV showed no change in number during the study period ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.The bacterial count of representative species before (week 0), during (week 4 and 8) and after (week 12) Kestose supplementation, detected using qPCR of 16S rDNA from genomic DNA extracted from fecal samples. Median ± interquartile range and complete range, \**P*\<0.05, ^\#^*P*\<0.1.).

The fecal concentrations of SCFAs, lactate, and ethanol (*µ*mol/g feces, in wet weight) were analyzed. Although lactate, acetate, and propionate did not show significant changes during the study period, butyrate was significantly increased at week 8 after starting Kestose supplementation (28.89 ± 8.21 *µ*mol/g) compared with that at week 0 (9.65 ± 1.00 *µ*mol/g, *P*=0.03) and week 4 (11.16 ± 1.96 *µ*mol/g, *P*=0.048). Its concentration decreased to the basal level by week 12, which is after Kestose had been discontinued for 4 weeks ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.The fecal concentration of short-chain fatty acids, lactate, and ethanol analyzed using high-performance liquid chromatography before (week 0), during (week 4 and 8) and after (week 12) Kestose supplementation. Median ± interquartile range and complete range, \**P*\<0.05.).

DISCUSSION {#s3}
==========

The first part of this study showed population changes within the fecal microbiota before, during and after Kestose supplementation using 16S rRNA gene sequencing and quantitative PCR analysis in dogs. *Lactobacillus* spp. was the most dominant group, showing an additional slight increase after daily Kestose supplementation. As lactobacilli is known as a common inhabitant of all parts of the canine intestine \[[@r18], [@r52], [@r57]\], results obtained in this study are consistent with the previous reports. Similarities in the transition of the quantitative analysis results between eubacteria and *Lactobacillus* spp. may come from the large population impact of lactobacilli on the entire eubacteria. Median occupancy and number of the genus *Bifidobacterium*, respectively, where increased after Kestose supplementation, and the values remained higher than the basal level even after four-week period without Kestose supplementation; however, these changes remained as a trend and were not statistically significant. *Bifidobacterium* spp. is known to consume Kestose, resulting in strong bifidogenic activity of Kestose which has been reported in both *in vitro* and *in vivo* studies in humans and rodents \[[@r38], [@r55], [@r59]\]. Yet not specifically Kestose, previous studies have shown synbiotic and FOS to cause *Bifidobacterium* spp to increase in feces in dogs \[[@r5], [@r15], [@r40]\]. Although it was speculated that small number of dogs and considerable inter-dog difference resulted in less statistical power, it was suggested that fecal occupancy and cell numbers of *Bifidobacterium* spp. increased in dogs, possibly due to their preferential consumption of Kestose. Bifidobacteria are usually regarded as beneficial intestinal microbes in various animals and their activities are linked with the health of the host \[[@r25]\], the possibility of positive effects on health is expected in dogs as well; however, the evidence of such specific effects has not been elucidated. Populations which decreased during or after Kestose supplementation were Phylum Bacteroidetes, *Bacteroides* spp., *Sutterella* spp, and *Clostridium perfringens*. In one previous study in dogs, *Bacteroides* spp. decreased with addition of inulin \[[@r5]\]. Another study in dogs reported no change in fecal *Bacteroides* spp. with or without synbiotics \[[@r15]\]. No previous reports showing quantitative change of *Sutterella* spp. with regard to prebiotics in dogs could be found. In terms of *Clostridium perfringens*, Rinkinen *et al*. reported that canine-origin Lactobacilli reduced adhesion of *C. perfringens ex vivo* \[[@r45]\], while a metanalysis showed that number of *C. perfringens* was not affected by prebiotics in dogs \[[@r40]\]. In human reports, decrease in *C. perfringens* along with FOS uptake has been shown \[[@r23]\]. Although the decrease of *C. perfringens* observed in this study was statistically a trend, immediate reduction below the detection limit after starting Kestose supplementation suggested an effect of Kestose either directly or indirectly. Decreased populations may have lost in competition or by having been overwhelmed by other species which increased, possibly Bifidobacterium. Another possible reason for the decrease in these populations may have been change in fecal pH associated with the observed increase in the butyrate concentration. Butyrate is known to lower luminal pH, which leads to a less ideal environment for some species to proliferate. However, fecal pH was not evaluated in this study. It was an important finding that decreased populations after Kestose supplementation are known to be associated with gastrointestinal disorders. *Clostridium perfringens* and genus *Sutterella* were shown to increase in the feces of dogs with acute diarrhea compared with that in feces of healthy dogs using pyrosequencing and qPCR assays \[[@r53]\]. Association of *Bacteroides* spp. and host health is somewhat unclear. Certain article reported an increase of the microbe in the feces of dogs with chronic diarrhea \[[@r26]\], but opposite findings were also reported \[[@r34], [@r53]\]. Questions of what are "good" or "bad" populations and what is the ideal healthy balance in canine intestinal microbiota is still far from being fully understood; however, considering the general information from human and rodents, the population changes observed in this study may be a part of the positive prebiotic effect exerted by Kestose supplementation. Gut microbial diversity seems to be a beneficial marker of a "healthy gut", and dietary fiber intake has been linked to decrease temporal microbial diversity in gut without any unwelcome outcomes \[[@r61]\]. In this study, Kestose supplementation did not affect the alpha-diversity.

The latter part of this study showed changes in SCFA, lactate, and ethanol concentrations in association with Kestose supplementation in dogs. Although fecal lactate, acetate, and propionate concentrations showed no change during the study period, butyrate concentration significantly increased at 8 weeks after starting daily Kestose supplementation. In humans, most of SCFAs are rapidly absorbed and metabolized by the host \[[@r21], [@r60]\], therefore the whole production of SCFA is difficult to be precisely determined \[[@r21]\]. However, since rate of its absorption is not likely to fluctuate depending on how much it is produced, higher concentration of fecal SCFA, representing remnant after absorption, was considered to reflect its voluminous production within large intestine, and fecal SCFAs are analyzed in other studies with similar concept \[[@r8], [@r15], [@r40], [@r59]\]. Increased production of SCFA within large intestine is known to have various beneficial effect to the host \[[@r1], [@r9], [@r15], [@r21], [@r47], [@r63]\]. The supplementation of prebiotic oligosaccharide has been previously shown to increase the fecal SCFA concentration in dogs \[[@r40], [@r44]\]. Supplementation with Kestose in particular, has been shown to result in a ten-fold increase of the butyrate concertation in rat cecal content \[[@r59]\], and similar effect was suggested to have taken place in dogs in this study. The results of fecal SCFA concentrations in this study cannot be well explained in relation with the results of microbiota analysis. As described, the major microbial change by Kestose supplementation is the proliferation of bifidobacteria; however, their major end-products are usually lactate and acetate, and not butyrate \[[@r7], [@r11]\]. Although major butyrate producers in canine intestines have not yet been characterized, certain species in the *Clostridium* cluster XIV and *F. prausnitzii* are major butyrate producers in human intestines \[[@r29]\]. These organisms were not significantly increased after Kestose supplementation. A possible reason for this discrepancy may have been due to the presence of unidentified butyrate producers in canine intestines. Butyrate is known to have beneficial effects in other animals; it is a major energy source for epithelial cells \[[@r21]\], induces regulatory T cells \[[@r1]\], promotes apoptosis in human colonic carcinoma cells \[[@r63]\], regulates intestinal inflammation \[[@r47]\], and is associated with the improvement of metabolic syndrome \[[@r9]\]. As dogs also suffer from many homologous disorders seen in humans, such as various tumors and inflammatory diseases, the possibility of beneficial prebiotic effects of Kestose supplementation, by the stimulation of butyrate production should be further elucidated.

The largest limitation of this study is the small number of dogs available to include in the study, due to the limited capacity for giving good animal care within the laboratory. In addition, considerable inter-dog difference, which is a common difficulty in any study using large animals, resulted in less statistical power. Differences in storage temperatures between samples collected at week 0 (stored at −20°C) and weeks 4, 8 and 12 (stored at −80°C) might be also a possible concern. Sample storage conditions, in general, may have an impact on results of microbiota analysis, however, with regard to the differences between −20°C and −80°C, immediate freezing of fecal samples in either temperature for a short period of time resulted in similar relative abundances of bacterial taxon and alpha-diversity estimations \[[@r32], [@r58]\]. It is also previously reported that immediate freezing at −20°C or below has been considered the gold standard for microbiome preservation \[[@r44]\]. As for the current result, the microbiota in week 12, which is after four-week washing period, showed a pattern returning or approaching to that of week 0, different from weeks 4 and 8 which was under the influence of Kestose ingestion. Although, to speak strictly, it remains unknown whether the sample storage temperature in this study did affect the results, authors concluded that differences in storage temperatures did not have significant impact in our studies, from above background.

Overall, findings of the present study demonstrated that daily Kestose supplementation resulted in its bifidogenic activity and increased fecal butyrate concentration, while *Bacteroides* spp., *C. perfringens*, and *Sutterella* spp. decreased in dogs. These findings suggest that Kestose may be a promising prebiotic supplement for dogs. Further studies including clinical trials are warranted to evaluate its potency for clinical application.
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